Background: Paraoxonase-1 (PON-1) is an antioxidant compound that is considered a negative acute phase protein. No information on the analytic performance of the paraoxon method for measuring PON-1 in horse serum is available.
INTRODUCTION
Inflammation is characterized by oxidative phenomena, and oxidative stress (OS) is the consequence of an imbalance between oxidants and antioxidants with oxidant activity exceeding the neutralizing capacity of antioxidants.
The serum activity of paraoxonase-1 (PON-1) decreases during inflammation in many species. [1] [2] [3] Paraoxonase-1 is an enzyme associated with high-density lipoproteins (HDL) that protects low-density lipoproteins (LDL) and HDL from peroxidation. 4 Moreover, PON-1 possesses anti-inflammatory properties, as it reduces the production of proinflammatory mediators. 5 Paraoxonase-1 is mainly expressed in the liver and is transported in the plasma bound to HDL. During an acute phase response, HDL molecules lose apolipoprotein A1, esterified cholesterol, and HDL-associated enzymes, including PON-1, which is replaced mainly by serum amyloid A and ceruloplasmin.
Altogether, these phenomena result in reduced anti-oxidative properties of HDL. 6 In both laboratory animals 7, 8 and people 9 , these changes in HDL composition and structure during an acute phase response inactivate the PON-1 and, in addition, the hepatic gene expression of PON-1 is inhibited. 7, 9 For these reasons, PON-1 is considered a negative acute phase protein.
In people, PON-1 is a potential biomarker for many pathologic conditions, such as cardiovascular diseases, neurologic disorders, and liver diseases. 10 Despite the extensive use of PON-1 as a marker of inflammation/oxidation in people and laboratory animal species, its use in veterinary medicine is limited. Changes in PON-1 activity have been investigated in cattle 2, 11, 12 , cats 13 , swine 3 , and dogs 1,14-16 but using different methods and without a complete preliminary validation study or the establishment of RIs. So far, the paraoxon-based method to measure PON-1 activity in serum has been validated only in dogs 1 and cattle. 19 Clinicians convert the results provided by the laboratory into information of diagnostic, prognostic, and therapeutic relevance. Inappropriate RIs could, therefore, lead to erroneous and delayed clinical decisions. 20 A minimum of 120 reference individuals is recommended in order to determine reference limits by nonparametric methods with 90% CIs. However, smaller sample sizes may be used if appropriate statistical methods are employed. 21 In the establishment of RIs, it is also important to take into account any potential source of biologic variability such as age, sex, and/or use. 18, 20, 21 This may be particularly important in young animals that, in other species, have been demonstrated to have a lower PON-1 activity. 2 The aims of this study were to validate a paraoxon-based method to measure PON-1 in horses and to define RIs in healthy horses and foals as a preliminary step toward the future use of PON-1 in clinical practice.
MATE RIALS AN D METHODS

Case selection
One hundred and twenty horses (40 geldings, 40 stallions, and 40 mares) and 55 foals (27 females, 28 males) were included in this study.
The median age in adult horses was 11 years (range 3-27 years) without significant differences between the age distribution of females 
Analytic validation
The intra-assay precision was determined by measuring PON-1 activity in pooled equine sera with low, medium, and high PON-1 activity 20 consecutive times within a single run of each analysis. 22, 23 The inter-assay variability was assessed on frozen aliquots by analyzing the same samples in triplicate on 10 consecutive working days.
The mean value, the SD, and the CV (CV = SD/mean 9 100)
were then calculated.
The accuracy was determined using the evaluation of linearity under dilution (LUD) and a spike-recovery test (SRT 
Interference studies
Five serum samples from control horses that at macroscopic examination appeared nonhemolytic, nonlipemic, and nonhyperbilirubinemic were pooled in order to obtain a sufficient volume to generate multiple aliquots to be tested with the different interfering substances. The effect of hemolysis, hyperbilirubinemia, and hyperlipemia was assessed using previously published protocols. To further investigate the effect of hemolysis, a hemolysate of equine erythrocytes was also added to the pooled serum. 24 The rationale for using this approach was to assess the influence of intraery- For all the interferents, the percentage changes of PON-1 activity, compared with the basal sample, with the same volume of distilled water as the volume of interfering solution being added to the serum, were calculated and plotted vs the concentration of interfering substances to create an interferogram for each substance.
Results obtained from the pooled serum with and without the different concentrations of interfering substances were compared using an ANOVA test for repeated measurement (Friedman test).
Irrespective of the results of statistical analysis, a AE15% variability of mean values was established as an acceptance criterion to assess the clinical utility of the interference study results.
Determination of RIs
The RIs were determined using the Reference Value Advisor The RIs were calculated using the robust method on Box-Cox transformed data, and the 90% CI around the reference limits were determined using a nonparametric bootstrap method. 26 The possible differences depending on sex, age, and breed were investigated. Specifically, results obtained in foals and adult horses were investigated using a Mann-Whitney U test. The same test was used to investigate the possible differences between male and female foals or in Trotter vs Warmblood horses either in foals or in adults. Results recorded in geldings, mares, and stallions were compared to each other using a Kruskal-Wallis test followed by a Bonferroni post hoc test. The same test was used to compare the results obtained in the different breeds of adult horses. The possible age-related differences were investigated, either in foals or in adult horses, using a regression analysis run in the Reference Value Advisor software cited above.
RESULTS
Analytic validation
Results regarding intra-and inter-assay precision recorded on pooled sera with low, medium, and high PON-1 activity (each pool was prepared using 5 serum samples) are reported in Table 1 . The CVs were RUGGERONE ET AL. 
Reference intervals
Details about all the RIs recorded in this study are summarized in Table 2 , and the data distribution is reported in Figure 3 , according to the current guidelines for establishment of RIs.
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No samples were excluded due to macroscopic abnormalities and therefore all the horses initially selected for inclusion in the study were used to calculate the RIs.
The RI recorded in the whole combined population of horses was 38.1-80.8 U/mL. The RIs recorded in adults and foals were very similar to each other, and the Harris and Boyd test 26 did not indicate the need of establishing separate RIs for adults and foals. Moreover, no statistically significant differences were found between foals and adults ( Figure 4 ).
Partitioning by age did not reveal significant differences within the group of foals (P = .180) or the group of adult horses (P = .949) (data not shown).
Results recorded in male foals were not statistically significantly different (P = .963, Figure 4 ) from those recorded in female foals. The Harris and Boyd test suggests that RIs specific for male and female foals do not need to be calculated. Conversely, significant sex-related differences (P = .010) were found in adults:
specifically, results recorded in mares were statistically significantly higher than those recorded in stallions and in geldings (Figure 4 ).
Although the RIs for females, intact males, and geldings overlapped, the Harris and Boyd tests indicates that a sex-specific RI should be used for females, while a common RI could be used for geldings and intact males.
T A B L E 1 . Results of intra-and inter-assay imprecision calculated in pooled equine sera with high, medium, and low paraoxonase-1 activity (U/mL).
High Medium Low
Intra-assay 
Hemolysis
F I G U R E 2 . Effects of increasing concentrations of interfering substances on paraoxanase-1 (PON-1) activity determined in pooled equine sera (PON-1 activity of pooled serum: 59.9 U/mL). *P < .05 vs baseline value (0 g/dL); **P < .01 vs baseline value (0 mg/dL for bilirubinemia, 0 g/dL for hemoglobinemia, and hemolysis); ***P < .001 vs baseline value (0 g/dL). 
DISCUSSION
Several studies of PON-1 activity in other species have been reported. [1] [2] [3] [11] [12] [13] [14] [15] [16] A single study in horses is available but no information on the analytic performances of the method employed were provided. 27 Before investigating the differences between clinically healthy and sick horses and foals a validation study was required to determine the analytic performance of the paraoxon-based method for measurement, that in other species, was preferred over other substrates because they are cheap, rapid to perform, very precise, and accurate. 1 With this study, we demonstrated that this method for the measurement of PON-1 is precise and accurate also on equine serum.
Specifically, both intra-assay and inter-assay imprecision were < 4%, which is considered acceptable for most biochemical analytes 28 and is similar or, in regards to inter-assay imprecision, lower than that recorded in dogs. 1 Currently, a gold standard method for the evaluation of PON-1 does not exist and therefore, accuracy was indirectly estimated through the evaluation of LUD and a SRT which fits the linear model confirming the excellent accuracy of the paraoxonbased method in horses.
Our study demonstrated that the interference of bilirubin is minimal and not clinically relevant. This finding is consistent with previous observations in dogs 1 , and considering that hyperbilirubinemia is often seen in sick horses, this finding is very valuable. Partitioning by age did not show any significant association between PON-1 activity in adult horses or foals. This conclusion is similar to that in studies of people, where no significant age-related differences were found. 35 The detection of higher PON-1 activity in mares contrasts with findings in dogs 1 but is consistent with that reported in mice 36 and people, where the difference was statistically significant in some studies 37 but not in others 35 , which may also be associated with a genetic predisposition. 35, [38] [39] [40] [41] [42] Differences that we found by sex, however, were present only in adult horses and not in foals, maybe because foals were below the age of sexual maturity. This is consistent with previous studies in mice that showed sex-associated differences were testes-but not plasma testosterone-dependent, and that ovariectomy had no effect on PON-1 mRNA expression. 39 However, further studies are needed to fully assess the effect of sex in foals, as the number of cases per group was < 40 individuals, the minimum database recommended by the ASVCP guidelines. 18 After grouping the horses based on the breed, we found a statistically significant difference only between the Trotters and Warmbloods, with higher PON-1 activity in the Trotter compared with Warmblood horses. This difference, however, was recorded in adult horses but not in foals, although the lack of differences in foals may be due to the low number of observations. 18 However, the higher values recorded in adult Trotters may also be related to differences in training and exercise intensity that may induce oxidative phenomena. 42 No statistically significant differences in PON-1 activity were found when other breeds were also included in the statistical comparison. The absence of statistically significant differences for other breeds could be related to the small number of horses in these groups that may have induced a type II statistical artifact. 43 Further studies with a higher number of horses in each of these breeds could be useful to identify possible differences associated with variations in exercise and workloads.
Despite the statistically significant differences associated with sex or use, the RIs recorded in the different groups of animals overlapped with each other. Nevertheless, according to the Harris and
Boyd test, specific RIs in mares, and Trotter and Warmblood horses do not need to be established. However, these latter aspects need to be verified through additional studies on larger study groups as analysis of the reference ranges and of data distribution reveals that the RI generated in the whole population is narrower and has a higher upper reference limit compared with the RIs of stallions, geldings, or Warmbloods. This is likely to be due to the low number of animals per group after partitioning by sex or use.
Independent of the need to establish sex-or breed-associated RIs, it is worth noting that the lower reference limit of the intervals was similar for all the categories of partitioning examined in this study. Considering that in many species, sick animals with OS associated with inflammation have very low PON-1 activities compared with the lower reference limit 2, 16 , it is thus advisable to use a single RI for stallions and geldings or for foals and adults.
In conclusion, this study demonstrates that the paraoxon-based 
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